The purpose of this study was to evaluate the cytotoxicity of acrylic and methacrylic acid (AA and MA), propanoic acid and isobutylic acid (PRA and IBA) which were the corresponding saturated carboxylic acids, 2-hydroxylethyl methacrylate and acrylate (HEMA and HEA), and hydroquinone (HQ). The growth of the fibroblast when exposed to AA decreased with increase of the acid, and was less than when exposed to MA. The growth when exposed to their corresponding saturated acids, PRA and IBA, showed a similar tendency to AA and MA. The growth of fibroblasts exposed to 5 mmol/L HEMA after 4 days and 3 mmol/L HEMA after 6 days was significantly different compared with that without HEMA. The growth in 1, 3, and 5 mmol/L of HEA after 2 days was markedly decreased compared with that without HEA, and the cells were probably lifeless. The growth when exposed to HQ was extremely lower than their acids.
INTRODUCTION
Recently, organic base materials such as resin composite and adhesive resin are widely used in dental materials in response to demand for better treatment and esthetics. Many functional monomers have been developed to provide dental materials having excellent adhesive properties and high strength. However, it has been pointed out that such materials occasionally cause pulp irritation [1] [2] [3] [4] [5] . Furthermore, there are many reports on the cytotoxic effects of the hydrophobic compounds included in composite resins, such as Bis-GMA and TEGDMA or their analogues [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , which is also related to the problem of environmental estrogens by bisphenol A. The relationship between the three-dimensional structure of environmental estrogens and the toxicity (biological activity) has been studied 20, 21) . On the other hand, the hydrophilic compounds included in dental cements and adhesive resins such as polybasic acids, the polymers prepared from unsaturated polybasic acids, and monomers with various functional groups, play important roles in the materials, such as the hardening reaction and adhesive properties, and the materials are directly applied to dentin. And the compounds easily dissolve out of the materials because of their hydrophilicity after hardening, especially if the compounds did not perfectly harden in the material. Therefore, it is important to evaluate the biocompatibility of the hydrophilic compounds.
Watanabe et al. 22) studied the cytotoxicity of hydrophilic methacrylate monomers and the concentration of 50% cell growth inhibition (GI50), and found that the GI50 of HEMA, which is a water-soluble monomer, is one order of magnitude lower than that of MMA. Meryon et al. 23) compared the in vitro cytotoxicity of two commercial glass-ionomer cements, which contained water-soluble polybasic acid and ionomer, using a model cavity system, and reported that both cements were cytotoxic to fibroblasts and macrophages.
Umemoto et al. 24) reported the biocompatibility of poly(acrylic acid)s with various molecular weight: the cell growth of the fibroblasts cultivated in the medium containing 0.2 mass% poly(acrylic acid)s decreased, and when the fibroblasts were treated with 0.1 mass% of the acid, an increase in interleukin-6 was detected. Kurata et al. 25) showed that the cell growth of fibroblasts cultivated in the medium containing monomers with a phosphoryl group was remarkably decreased, and that of the monomers with a sulfo group was similar to control. However, the relationship between the structure of hydrophilic compounds and cytotoxicity has not been clarified. It is important to examine the cytotoxicity of many compounds in order to clarify the relationship between structure and cytotoxicity.
The purpose of this study was to evaluate the cytotoxicity of hydrophilic compounds used in the dental material. Table 1 shows the formula, name, and codes of the compounds used in this study. All compounds except for HEA were purchased from Wako Pure Chemical Industries., (Osaka, Japan), HEA was purchased from Tokyo Kasei Kogyo Co., Ltd (Tokyo, Japan), and the compounds except for HQ were purified by distillation. On acrylic acid (AA) and methacrylic acid (MA), the cytotoxicity test of commercial product itself was carried out, and those codes were abbreviated to CoAA and Cytotoxic effects of acrylic acid, methacrylic acid, their corresponding saturated carboxylic acids, HEMA, and hydroquinone on fibroblasts derived from human pulp CoMA, respectively. An aqueous solution of 0.1 mol/L of each compound was prepared. In the case of acrylic acid (AA), a little water was added to about 0.36 g (5 mmol) of AA, and the pH of the solution was adjusted to about 6.5 by 1.0 mol/L sodium hydroxide aqueous solution, and then was diluted with water to 50 mL. The solution was filtrated by a 0.20-µm Millipore filter (Millex ® -LG, MA, USA) to sterilize it. Then 0.5, 1.5 and 2.5 mL of the solution were drawn off in a pipette and 2, 1, and 0 mL of PBS(−) solution (Nissui Pharmaceutical Co., Ltd, Tokyo, Japan) were added, respectively. Each solution was adjusted to 2.5 mL in order to fix the quantity of medium for dilution, and was diluted with the medium to 50 mL, which was Dulbecco's modified eagle medium including antibiotics and fetal bovine serum (Nissui). The concentration of each compound of each solution became 1, 3, and 5 mmol/L, respectively, and the pH of the solution became 7.6-7.8, since it was diluted with the medium. The 2.5 mL PBS(−) solution was diluted with medium to 50 mL, and the medium without each compound was used as a comparison (control).
MATERIALS AND METHODS

Preparation of medium containing the compounds
Cell used and the culture method
Non-carious human premolars that had been extracted for orthodontic reasons were used in this experiment with informed consent of the patient. The handling and culture of the tooth pulp that was removed from the tooth were carried out according to the procedure developed by Kawase et al. 26) . The tooth pulp tissue was cut into small pieces, and then pre-cultured at 37°C under 5% CO2−95% air of over 95% humidity to increase the number of cells. Cell suspension culture liquid of 200 µL containing 3×10 4 cell/mL was added to each well of a hydrophobic 96-well culture plate and the cells were cultivated for 2 days. Then, the culture solution was exchanged with culture solution of 200 µL with the medium including each of the compounds mentioned above. The medium containing the compounds was changed every 2 days, and the cells were cultivated for 6 days. After cultivation for 6 days, all the 96-well plates used in this study were stored in a freezer at −20°C until analysis. The quantity of DNA and alkaline phosphatase activity were analyzed on each day of culture. The growth of the cell cultivated in the medium without their compounds was used as a control.
Determination of DNA
The cytotoxicity was evaluated by measuring the DNA synthetic ability of the cell. Determination of DNA of the fibroblasts was carried out according to the method of Puzas et al. 27) . To four empty wells of the plates used in this study, 0, 5, 10 and 20 µL of 0.1 mg/mL standard DNA (Sigma, MO, USA) were added. The plate was left for about 60 min in a dryer at 60°C to evaporate the water in the wells. To each well of the plate, 45 µL of 2 mol/L diaminobenzoic acid (Sigma) was added, and the plate was left for 30 min in a dryer at 60°C. After cooling to room temperature, 200 µL of 6 mol/L perchloric acid (Wako) was added to each well. The DNA in each well was analyzed at a measurement wavelength of 400 nm by a micro-plate fluorophotometer (MRF-100, JASCO Corp., Tokyo, Japan) with excitation wavelength of 405 nm.
Measurement of alkaline phosphatase activity (ALPase activity)
When the cells received the exogenous stimulus and the ALPase activity of the cells rose, it seems that the cells Table 1 Chemical formula, the name, and codes of the compounds used in this study are differentiated into cells which form secondary dentin for preventing the stimulus 28) . Mikami et al. 29) reported that the solution which soaked polyalkenoate cement suppressed the ALPase activity and the cause seemed to inhibit the cell differentiation. It is not desirable as a dental material that the compounds in dental material suppress ALPase activity, even if the cytotoxicity of the compounds is low. Thus the ALPase activity was evaluated.
Measurement of ALPase activity was carried out according to the methods of Lowry et al. 30) and Puzas and Brand 31) . The plates were taken out of the freezer and were left for 5 min at room temperature. Next, the plates were stored for 10 min in a freezer, and then were left for 5 min at room temperature in order to destroy the cells. To four empty wells of the plate, 0, 10, 25, and 50 µL of 1 µmol/mL p-nitrophenol (Sigma) as a standard material were drawn off in a pipette, and 200, 190, 175, and 150 µL of 1 mol/L sodium hydroxide solution were added, respectively. Next, to all wells of the plate except for the four well mentioned above, 50 µL of 0.25 mol/L 2-amino-2-methyl-1-propanol buffer solution containing 16 mmol p-nitrophenol phosphate was added. The buffer solution was prepared as follows; 11.15 g of 2-amino-2-methyl-1-propano was dissolved in about 450 mL water and the pH of the solution was adjusted to about 10 by using concentrated hydrochloric acid, and 0.5 mL of 1 mol/L magnesium chloride solution was added, and then this was diluted with water to 500 mL. The plate was stored for about 15 min in an oven at 37°C. After it was taken out of the oven, 150 µL of 1 mol/L sodium hydroxide solution was added to each well in order to stop the reaction. The p-nitrophenol produced in each well was analyzed by a micro-plate visible spectrophotometer (ELISA, BIO-RAD, Ga, USA) at 410 nm.
The statistical analysis of the results for each group of measurements was conducted using Tukey's test with the level of statistical significance at p<0.05. Figure 1 shows the cell growth of the fibroblasts cultivated by the medium containing acrylic and methacrylic acid, AA and MA respectively, and their corresponding saturated carboxylic acids, PRA and IBA, respectively. After cultivation for 4 days, the cell growth of the fibroblasts exposed to 1 mmol/L AA and MA was significantly different compared with those cultivated without their acids (control). The growth when exposed to AA decreased with increase of the acid, and was less than when exposed to MA. On the other hand, the growth when exposed to PRA and IBA showed a similar tendency to AA and MA. Figure 2 shows the cell growth of the fibroblasts cultivated by the medium containing commercial acrylic and methacrylic acid, CoAA and CoMA respectively, and hydroquinone, HQ. The cell growth of the fibroblasts exposed to CoAA and CoMA after 6 days was significantly different compared with that of control at all concentration. The growths with 3 and 5 mmol/L HQ after 2 days were markedly decreased compared with that of control, and those after 4 days were extremely lower values than other acids. Figure 3 shows the ALPase activity values of the fibroblasts exposed to the four acids and HQ. The ALPase activity values of the fibroblasts exposed to 1 mmol/L of the four acids and HQ were decreased to 1/3−1/2 of control and with increase of the acids. Figure 4 shows the cell growth and ALPase activity of the fibroblasts cultivated by the medium containing 2-hydroxylethyl methacrylate and acrylate (HEMA and HEA, respectively). After cultivation for 4 days, the growth of the fibroblasts cultivated in the medium containing 5 mmol/L of HEMA was significantly different compared with that of control, and was significantly different compared with that of control after growth in 3 and 5 mmol/L HEMA after 6 days. On the other hand, the growth in 1, 3, and 5 mmol/L of HEA after 2 days was markedly lower than that of control, and the cells were probably lifeless. The ALPase activity values of the fibroblasts exposed to 1, 3, and 5 mmol/L of HEMA and HEA were significantly different compared with control.
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DISCUSSION
Unreacted hydrophobic compounds that dissolve out of the materials will be difficult to permeate into hydrophilic tissue due to their low affinity for water. On the contrary, when hydrophilic compounds dissolved out, they will easily permeate into the tissue. It is important to study the cytotoxicity of hydrophilic compounds and monomers used as dental material. However, the cytotoxicity of hydrophilic compounds and monomers to cells and the relationship between their structure and cytotoxicity have not been examined in detail. It is necessary to examine the cytotoxicity of their hydrophilic compounds and the fundamental relationship between the cytotoxicity and structure. As the beginning, acrylic and methacrylic acid, and 2-hydroxyethyl methacrylate (HEMA) were noticed as a fundamental compound in the resin material, because their compounds were hydrophilic, and were starting material for the synthesis of poly(acrylic acid) and adhesive functional monomers. Especially, HEMA is widely used in many dental adhesive materials. In this study, in order to examine the relationship between structure and cytotoxicity of their compounds, the functional group of their compounds was partially changed, for example, with and without a double bond or a methyl group. On the other hand, hydroquinone was chosen by following reasons; since many adhesion functional monomers (including HEMA) have double bonds in the molecule and the high boiling point, they contain inhibitors such as hydroquinone.
However, it is difficult that the inhibitors contained in the monomers are removed by the distillation. It will be necessary in future to evaluate the cytotoxicity of the hydroquinone.
Cytotoxicity of AA, MA, and their corresponding saturated carboxylic acids
The cell growth of the fibroblasts cultivated in the medium containing 1 mmol/L AA after 4 days was significantly different compared with that of control, and decreased with increase of the acid. The growth of the fibroblasts exposed to AA was less than when exposed to MA and the growth of the fibroblasts exposed to PRA and IBA showed a similar tendency to the growth with AA and MA. When the saturated acids were compared with the unsaturated acids, the growth among the four acids was not attributed to the double bond. On the other hand, the cell growth of the fibroblasts cultivated in the medium containing polybasic acids, such as malic, tartaric, and citric acid, were not significantly different compared with that of control at the concentrations up to 5 mmol/L 25) . The toxicity of the polybasic acid was low, but that of the monobasic acid was very high. This seems to be due to the molecular size, the number of the negative charge, and hydrophilic/hydrophobic balance in a molecule.
Cytotoxicity of commercial acrylic and methacrylic acid, and HQ
The cell growth between commercial (CoAA and CoMA) and distilled monomers (AA and MA) similarly decreased with the cultivation period and concentration, namely adding HQ as an inhibitor seemed to have no effect on cell growth. Commercial AA and MA (CoAA and CoMA) contain about 0.02 mass% of p-methoxyphenol and 0.03 mass% of hydroquinone, respectively. The concentrations of the stabilizer in 5 mmol/L AA and MA medium solution in this study were about 6.54×10 −6 and 1.17×10 −5 mmol/L, respectively. Since this concentration in the medium is very low, it is considered that the growth was unaffected by stabilizer. If we evaluate the cytotoxicity of the monomer including HQ in the range of concentration limited as an inhibitor, the contribution to the cytotoxicity of HQ will be small. However, we showed that the cytotoxicity of HQ itself was very high (Fig. 2) .
ALPase activity of the cells exposed to the acids and HQ
ALPase activity is closely related to the formation of calcified tissue. When cells have high ALPase activity, it is thought that the cells differentiate into cells with calcification ability 28) . In this study, the ALPase activity of the fibroblasts exposed to the four acids and HQ was lower than that of control, and decreased with increase of their acids and HQ. When the differentiation of the cells is strongly suppressed by their compounds, and it is assumed that the calcification by the cells will be inhibited. It is not desirable.
Cytotoxicity of HEMA and HEA and their ALPase activity
The cell growth of the fibroblasts cultivated in the medium containing HEMA and HEA showed large difference. After cultivation for 2 days, the cells exposed to HEA seemed to be lifeless. Watanabe et al. 22) studied the concentration of 50% cell growth inhibition (GI50) of hydrophilic methacrylate monomers, and the GI50 of HEMA and MMA was about 8.5 and 46 mmol/L, respectively. Takeda et al. 10) reported that the GI50 of HEMA and MMA was about 1.3 and 30 mmol/L, respectively. The GI50 of HEMA obtained by Li et al. 32) was 6.3, that by Walther et al. 33 ) was 1−5 mmol/L, and that obtained by this study was about 3 mmol/L. The cytotoxicity of HEMA was considerably high compared with that of MMA. Since MMA is volatilized from medium while culturing 34) , the cytotoxicity of MMA will be estimated low. The difference in cytotoxicity between HEMA and HEA was considered to be due to the structure between methacryloyloxy and acryloyloxy group, however, the results of this study did not prove the relationship between the structure of those compounds and cytotoxicity for cell. It is necessary to examine the cytotoxicity of various newly produced compounds in detail.
CONCLUSIONS
Within the limitations of this in vitro study, the following conclusions were drawn:
1. Cell growth of the fibroblasts cultivated by the medium containing acrylic and methacrylic acid was lower than those without the acids. 2. The cell growth of the cells exposed to acrylic acid was lower than that of methacrylic acid, and was similar to that of corresponding saturated carboxylic acid, propanoic acid. 3. The growth when exposed to methacrylic acid was similar to that of corresponding saturated carboxylic acid, isobutylic acid. 4. The growth of the cells exposed to acrylic and methacrylic acid refined by the distillation was equal to each un-distillated product (commercial). That is, inhibitor did not influence. However, the cytotoxicity of hydroquinone itself was very high. 5. The growth of cells exposed to HEMA was similar to that of acrylic acid, and 2-hydroxyethyl acrylate showed severe cytotoxicity compared with HEMA, and the cells were probably lifeless.
